The mineralocorticoid hormone aldosterone maintains acid-base balance and K + homeostasis by regulating H + and K + secretory mechanisms in kidney epithelial cells. We have shown recently in the amphibian distal nephron that aldosterone activates a Na + /H + exchange system in the luminal cell membrane, thus leading to transepithelial H+ secretion and cytoplasmic alkalinization. Since H+ secretory fluxes were paralleled by K + secretion, it was postulated that the hormone-induced increase of intracellular pH activates the luminally located K+ channels. In "giant" cells fused from individual cells of the distal nephron, we measured simultaneously cytoplasmic pH and cell membrane K+ conductance during acidification of the cell cytoplasm. The experiments show that cell membrane K+ conductance is half-maximal at an intracellular pH of 7.42 and that a positive cooperative interaction exists between K+-channel proteins and H+ (Hill coefficient = 6.5). Moreover, the cellular K+ conductance is most sensitive to cytoplasmic pH in the range modified by aldosterone. This supports the hypothesis that intracellular H + activity, regulated by the Na +/H+ exchanger, serves as the signal to couple aldosterone-induced K + secretory flux to H + secretion in renal tubules.
In the vertebrate kidney, aldosterone stimulates Na+ retention and H + and K + secretion. In the collecting duct system of the mammalian kidney, aldosterone stimulates Na + entry across the luminal cell membrane (1) , thereby depolarizing the cell membrane potential (2) . This depolarization facilitates cell-to-lumen K+ secretion (3) via hormone-activated (4) K +-selective channels and H + extrusion via a rheogenic H + pump (5) . From experiments in the early distal nephron of the amphibian kidney, we have evidence that transepithelial fluxes of Na+, K+, and H+ ions are also functionally linked, but that the mechanisms involved are different from those in the mammalian collecting-duct system (6) . We propose a model in which hormone-induced stimulation of the Na +/H + exchanger is the primary event leading to cytoplasmic alkalinization and subsequent activation of the pH-sensitive K + channels. Ifthe mechanism whereby the hormone-induced interaction between a counter-transport mechanism (Na +/H + exchanger) and an ionic channel (K + channel) is to be physiologically relevant, the K + channels must be sensitive to intracellular pH (pH;) within the range encompassed during exposure to the hormone (7.45-7.73 ).
METHODS
To test our hypothesis, we simultaneously measured the intracellular pH and K + -conductance of fused distal tubules from frog kidney during gradual acidification of the cytoplasm.
The fusion procedure has been described elsewhere (6) . Briefly, kidneys of Rana pipiens were first isolated and perfused with amphibian Ringer's solution composed of 97 mM NaCl, 3 mM KCI, 5 mM Hepes, 1 mM CaC12, 1 mM MgCl2, and 5 mM glucose. After the blood was rinsed off, 3 ml of the same solution containing 0.1% collagenase [Sigma or Seromed (Berlin); 180-300 units/mg] was injected. With fine scissors, the ventral surface of both kidneys containing primarily diluting segments was removed in small pieces and incubated for 50 min in the collagenase-containing solution. Then, the pieces were gently sucked up and down with a 200-pJ Eppendorf pipette until a suspension of small tubule fragments was obtained. The tubules were centrifuged at 400 x g for 2 min, and the supernatant was removed. To the supernatant was slowly added 1 ml of the fusion medium [30% (wt/vol) polyethylene glycol (Mr 4000) dissolved in Leibovitz-15 medium diluted to 170 milliosmolar (pH 8.2)], and the cells again were centrifuged at 400 x g for 2 min. Finally, they were suspended in Leibovitz-15 medium (200 milliosmolar, pH 7.8) and transferred onto a thin microscope coverslip pretreated with poly(L-lysine) (0.1 g/liter; Serva, Heidelberg) and incubated for 24-48 hr at 6°C. Over this time period, membrane fusion proceeded and tubules were ready for impalements. By using high-resolution differential interference contrast microscopy (inverted microscope, IM 35, Zeiss; objective 63/1.4, oil), cell membranes remaining in the intracellular compartments because of incomplete cell-to-cell fusion were disclosed. Those tubules were not used for the experiments.
Such fused tubules ( Fig. 1 ) can be impaled with three microelectrodes, and pHi and K+-conductance measurements can be performed simultaneously while pH, is altered.
We penetrated the fused cells with three microelectrodes.
One conventional microelectrode (filled with 1 M KCl) was used to inject negative current pulses (1-5 nA, 200-ms duration); another one was used to monitor the cellmembrane potential, Vm; and a third one, a pH-sensitive liquid ion-exchange microelectrode, was applied to measure pHi when the cell cytoplasm was gradually acidified. High impedance amplifiers were used to measure Vm and pH,.
Currents of 1 x 10-9 to 100 x 10-9 A were delivered by a current-injecting device (Frankenberger Electrometer, Germering, F.R.G.).
RESULTS AND DISCUSSION
The passive membrane conductance of early distal tubule cells is determined by Cl-and K+ channels (7 Inhibition of cell-membrane K+ conductance by acidification of the cytoplasmic membrane surface has been shown in perfused squid giant axon (9) and more recently in pancreatic B cells (10, 11) . The fused cell preparation allows simultaneous measurements of intracellular pH and cell membrane GK in the renal epithelium. Although we cannot distinguish between apical and basolateral K+ permeabilities, we assume that quantitatively in this preparation the apical GK dominates over basolateral GK. This assumption is based on observations in both amphibian (7) and mammalian (12) preparations that the major basolateral membrane conductance is for chloride ions. Since we deleted chloride ions from the perfusates, apical GK was the major cell membrane conductance in this study.
It is important to note that the experiments were performed with an intact cytoplasmic compartment and thus at physiological Ca2+ activities. It has been observed recently in patch-clamp experiments that whole-cell K + currents in renal diluting-segment cells are only moderately sensitive to cytosolic pH changes when cytosolic Ca2" is absent (13) .
Addition of physiological concentrations of Ca2+ to the perfusion medium more than doubles the overall GK (H.O., unpublished observation). This indicates that the inhibitory action of H+ could be due to the competition between H + and Ca2 + at the multiple binding sites of Ca2 +-activated K + channels. It must be appreciated that there are two dominant K + channel species in the apical membrane of the amphibian (17) and may be explained by the activation of quiescent Na+/H+ exchangers in the cell membrane.
We have reported cytoplasmic alkalinization by 0.28 pH units in renal epithelial cells induced by the steroid hormone aldosterone (6) . The present study indicates that the GK ofthe diluting segment cell is most sensitive to cytoplasmic pH well within the range of the physiological fluctuations. Aldosterone increases cytoplasmic pH from 7.45 to 7.75, which according to Fig. 3 decreases the percentage inhibition of the K+ conductance by >2 orders of magnitude. Indeed, K+ secretory fluxes are induced by the steroid (6) . It is well accepted that aldosterone is the key hormone involved in the regulation of Na+, H+, and K+ homeostasis. In the mammalian distal nephron, aldosterone induces K+ and H+ net secretion, while Na+ is retained (18) . Our previous experiments indicate that the transport of these three ions is linked.
After a lag period of 30-60 min, aldosterone activates the apical Na+/H+ exchanger, leading to transepithelial H + net flux (19) and sustained cytoplasmic alkalinization (6) . We can envisage that protons are released from their binding sites on the K+ channels, which are thereby activated in a positive cooperative fashion. In this model, an ion carrier (Na + /H + exchanger) and an ion channel (K + channel) are functionally linked, while cytoplasmic H+ serves as the intracellular messenger in regulating the conductance properties of the K+ channel. It is not yet known whether aldosterone, in a manner similar to the proposed action of progesterone in oocytes (16) , regulates the H + extrusion mechanism and the K + conductance by releasing Ca2+ from binding sites along the inner face of the cell membrane. The Na + /H + exchanger can indeed be activated by Ca2` (20) , and the conductance of a Ca2+-activated and H + -inactivated K + channel will most likely depend on the concentration ratio of cytoplasmic Ca2+ over H +.
